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The Na + , K + -adenosine triphosphatase (ATPase) maintains the electrochemical gradients of Na + and K + across the plasma membrane-a prerequisite for electrical excitability and secondary transport. Hitherto, structural information has been limited to K + -bound or ouabain-blocked forms. We present the crystal structure of a Na -bound form, large conformational changes are observed in the a subunit whereas the b and g subunit structures are maintained. The locations of the three Na + sites are indicated with the unique site III at the recently suggested IIIb, as further supported by electrophysiological studies on leak currents. Extracellular release of the third Na + from IIIb through IIIa, followed by exchange of Na + for K + at sites I and II, is suggested.
T he Na + , K + -adenosine triphosphatase (ATPase) is typically a ternary complex of a large catalytic a subunit associated with two smaller subunits, b and g (Fig. 1A) . Different isoforms combine to form kinetically distinct complexes in different cells and tissues (1) . During the ATP-driven transport cycle, three cytoplasmic Na + are exported in exchange for two extracellular K + through alternating E1/E1P and E2P/E2 states (Fig. 1B) , where E1 and E2 denote high affinity for sodium and potassium ions, respectively, and P is phosphorylated. Intracellular Na + and ATP binding stimulate phosphorylation of a conserved aspartic acid residue (Asp 369 in pig a 1 isoform; see alignment in fig. S1 (4, 5) . The intracellular C-terminal tail of the a subunit plays an important role in Na + binding (2, (6) (7) (8) (9) (10) , apparently by controlling an ion pathway (6, 7), through a mechanism affected by many of the a 2 and a 3 isoform mutations that are associated with neurological diseases (11, 12) . However, further elucidation of the transport mechanism of the Na + , K + -ATPase has been limited by the lack of a structure of the Na + -bound state, and in particular the location of the third Na + site has remained unsettled.
We present here the crystal structure determined at 4.3 Å resolution of the Na -complex (materials and methods and table S1) for which Na + saturation was further stabilized by the presence of oligomycin. The structure was determined from an unbiased electron density map derived by single isomorphous replacement with anomalous scattering (SIRAS), using hexatantalum dodecabromide (Ta 6 Br 12 ) derivatized crystals, followed by density modification procedures (Fig. 1C and fig. S2 ). Model building using sharpened maps and restrained refinement produced a final model with R work and R free of 26.1 and 28.8%, respectively. The structure represents two nearly identical complexes in the asymmetric unit (chains A-B-G and C-D-E) and displays bilayer features in the electron density (figs. S2 to S4).
The ability of the E1-AlF 4 --ADP complex to occlude three Na + under crystallization-like conditions was confirmed by time-course measurements of 22 
Na
+ deocclusion at 0°C (Fig. 1F ). The monoexponential fit resulted in the maximal number of 2.5 nmol of Na + per nmol of ADP binding sites (i.e., 83% occupancy) at 1 mM . Assuming a Hill coefficient of 3 for the cooperative Na + binding, the ion concentration required for the half-maximal saturation of the sites (K 0.5 for Na + ) was calculated to be 0.58 mM, consistent with previous findings (13) . Thus, Na + concentration under crystallization conditions (>80 mM) was more than two orders of magnitude higher than the K 0.5 , enough to saturate all three sites.
The a subunit represents a Na + -occluded form of the transmembrane (TM) domain, with the cytoplasmic A, P, and N domains arranged for phosphorylation (Fig. 1, C and D fig. S4B) (14) (15) (16) . Thus, compared with K + -bound forms, the a subunit is characterized by a different organization of the TM helices and a compact configuration of the cytoplasmic domains activating the phosphorylation site (Fig. 1,  C and D, and fig. S5 ). Relative to the P domain, the A domain has undergone a rigid-body rota-tion and translation, displacing by 45 Å the TGES (T, Thr; G, Gly; E, Glu; S, Ser) motif involved in dephosphorylation of Asp 369 . Likewise, the N domain has rotated about 80°toward the P domain, stabilized by ADP-AlF 4 -at their interface ( fig. S6 ). The P domain has rotated about 35°relative to the aM7 to aM10 (aM7-10) segment and moved together with the aM6-7 loop closer toward the TM region at the aC-terminal region ( fig. S5 ).
The TM domain, which harbors the ion-binding sites and transport pathway, is formed by TM segments aM1-10, bM, and gM. Whereas aM7 to aM10 form a more rigid unit, aM1 aM6 are associated with significant structural rearrangements between K + -and Na + -bound conformations ( Fig. 1 and fig. S7 ). The aM1-2 pair undergoes a rigid-body rotation toward aM9, the aM3-4 pair moves toward aM5-6 and translates toward the cytoplasmic side, whereas the cytoplasmic ends of aM5-6 move slightly toward the P domain with the extracellular portions nearly unchanged. This coupling of phosphorylation and occlusion of ion-binding sites at the TM domain, as communicated via tertiary interaction and connecting linkers, is the basis for the Na + specificity of the intramembranous ion-binding sites that characterizes the E1P state.
The b subunit has been proposed to undergo large conformational rearrangements relative to the a and g subunits as part of the E2-to-E1 transition (17) . However, in the [Na 3 ]E1-AlF 4 --ADP structure presented here, the b and g subunits are not significantly changed compared to E2 states. The subunits are associated with the aM7-10 unit (figs. S1, S8, and S9), which is also seen to be fairly stable in SERCA1a (18, 19) . However, conformational changes of the quaternary structure may occur in the E1 intermediate state, which was recently described for the sarcolipin-bound complex of SERCA1a (18, 19) (see below).
The Na + , K + -ATPase can bind three Na + at intramembranous binding sites (20) , of which sites I and II have been localized to aM4-6 (21) by mutational studies and homology modeling based on the two Ca 2+ sites of SERCA1a (15, 16) . In contrast, the binding position of the third Na + has remained enigmatic; two locations have been proposed on the basis of biochemical and electrophysiological studies: site IIIa between aM6, 8, and 9 and site IIIb between aM5, 7, and 8 (6, 7, (22) (23) (24) (Fig. 2A) . Bound Na + cannot be directly observed at 4.3 Å resolution, but ionbinding sites often show characteristic features even at low resolution because of the coordinated assembly of side chains and ions that concentrate x-ray scatterers between transmembrane helices. This is evident for the expected Na + sites I and II, where we observe electron density compatible with occupancy at two sites between aM4 and aM6 ( Fig. 2B and fig. S10 ). These sites are overall equivalent to the Ca 2+ sites of SERCA1a (15), and the same residues also form the two K + sites in the [K 2 ]E2-P i state (4, 11) (Fig. 2, C and D) .
The Na + site III is specific to the Na + , K (Fig.  2, B and C) . In support, two independent 45-ns molecular dynamics (MD) simulations yield a stable structure with Na + bound at site IIIb ( fig. S12 ). Mutational studies were previously unable to distinguish unambiguously between IIIa and IIIb, because mutation at either site lowers the rate of extracellular sodium rebinding to a similar extent (6); sodium affinity, though, is lowered more for IIIb mutants (6, 7, (22) (23) (24) . To shed light on the roles of sites IIIa and IIIb, we performed electrophysiological studies of a characteristic leak current, which is tightly coupled to both sites (6, 24) . The leak is an inwardly rectifying current, blocked by physiological levels of sodium or potassium and sensitive to the pump inhibitor ouabain (25) . The leak is generally reduced by mutations in site IIIa (24) , and it depends critically on Asp 926 of IIIb; the Asp→Asn at position 926 (Asp926Asn) mutation blocks the leak at attainable voltages, presumably with the asparagine mimicking a constitutively protonated aspartate (6) .
We examined the effects of mutations in either IIIa or IIIb more closely. Both of the IIIa mutants, Tyr771Phe and Glu954Ala, behaved similar to wild type: They leaked in the absence of extracellular sodium (albeit to a lesser extent), and the leak was closed by extracellular sodium (Fig. 3) . In contrast, mutating Asp 926 of IIIb to alanine gave no measurable leak in the absence of sodium but tiny leaks in the presence of sodium, whereas both Asp926Glu and Gln854Asn (IIIb) leaked with and without sodium.
Thus, although mutation of either site causes slower sodium rebinding and lower affinity (6), there is a discernible difference in the roles that the two sites play in leaking. IIIb mutants are less sensitive to extracellular sodium, whereas IIIa mutations cause less leakage overall (Fig. 3) . This is consistent with the two sites acting in concert with Na + binding tightly at IIIb and IIIa being a transient site for extracellular sodium release and rebinding as well as for the leak current. A mutated IIIa would therefore have lower affinity, especially for extracellular sodium, but once bound Na + at site IIIb would be favorably coordinated and also block the leak of IIIa mutants (Fig. 3) . Consistent with a transient role for site IIIa, it was recently shown that deletion of a helical turn including Glu 954 maintained forward pumping (26), albeit at a reduced level, which suggests that a 3:2 ratio of sodium to potassium is most likely possible even with a highly compromised site IIIa.
Binding of the third Na + at IIIb is expected to block the leak, because it depends on Asp 926 as a stepping stone, raising the question whether sodium can escape the mutated site and leak into the cytoplasm (Fig. 4A) . Binding of the third Na + is strongly voltage dependent, so hyperpolarizing potentials favor occupancy at site IIIb, and, if Na + were not able to leak from a mutated site IIIb, increasingly hyperpolarizing potentials would be expected to eliminate leaking in the presence of sodium. However, the opposite is observed, which favors that a destabilized IIIb allows Na + to slip past the Asp 926 checkpoint and enter the cytoplasm. The exchange of Na + between the stable IIIb and a transient site IIIa would be dynamic and associated with conformational changes that allow extracellular release from IIIa. Additionally, Glu 954 of IIIa is located at the aM2, 6, and 9 cleft, which binds sarcolipin in SERCA (18, 19) , and the neighboring Glu 953 interacts directly with the g subunit associated with aM9 (Fig. 4B) . We find it likely that g subunit and other proteins of the so-called FXYD family (where F is Phe; X, any amino acid, Y, Tyr; D, Asp) exert their regulatory function on Na Several mutations affecting the C-terminal structure encompassing site IIIb of the a 2 and a 3 isoforms have been observed for the neurological diseases rapid-onset dystonia with parkinsonism (RDP) (12) , hemiplegic migraines (27) , and alternating hemiplegia of childhood (AHC) (28, 29) . Particularly in AHC, the ion-binding sites are hot spots. More than a third of the cases are linked to mutation of a 3 Asp 801 (equivalent of pig a 1 Asp 804 ) between sites I and II to an asparagine (28, 29) , but there is also a case of the IIIb aspartate (the 
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Asp 926 here) mutated to a tyrosine (29) . Mutation of the IIIb aspartate to asparagine was previously linked to RDP (30, 31) . Furthermore, two cases of AHC likely have perturbed IIIa function because the mutations are both one helical turn from Glu 954 and cause a neutral residue to be substituted for a charged residue (Gly950Arg and Ala958Asp, pig a 1 residue numbers, Fig. 4B ).
Proper binding and release of the third and electrogenic Na + of the Na + , K + -ATPase is essential for pump function, and the crystallographic and electrophysiological data presented here support a model in which Asp 926 is the central ioncoordinating residue at site III as controlled by the C-terminal region and that Glu 954 of a cooperative Fig. 3 . Steady-state currents and leak currents of IIIa and IIIb mutants. Pump current is calculated as the ouabain-sensitive current in the presence of 15 mM potassium; the leak current is determined as the ouabain-sensitive current in the absence of potassium. Both pump and leak currents are normalized to the value of pump current at 20 mV. in a voltage-dependent reaction, so hyperpolarizing potentials promote the reverse reaction of Na + binding from the extracellular side to IIIb. The steps causing release of the other two sodium ions are less voltage sensitive (20) . In the blue box, the proposed mechanism for proton leaking is indicated: An extracellular proton can bind site IIIa either in the presence of Na + at sites I and II (left) or in the absence of sodium (right), the IIIb proton is released intracellularly, and transfer of the IIIa proton to IIIb makes the site accessible for an extracellular proton again. Repeated extracellular binding and intracellular release of protons will create a leaking current. (B) Cartoon representation of the Na + -binding sites (Na + in yellow spheres). Site IIIa and IIIb residues and the C terminus are indicated in magenta, blue, and cyan sticks, respectively, and the position of two AHC mutations by green spheres. A possible initial Na + release pathway through a transient site IIIa is indicated by a dashed arrow. Note the link between the g subunit interface and site IIIa.
site IIIa is associated with Na + release. Highresolution structures that accurately reveal Na + coordination and associated hydrogen-bonding networks will be essential for a better understanding of the structure-function relations of ion exchange, transport, and specificity and how the mechanism is affected by regulation and diseaserelated mutations. The lack of predictability of citation-based measures frequently used to gauge impact, from impact factors to short-term citations, raises a fundamental question: Is there long-term predictability in citation patterns? Here, we derive a mechanistic model for the citation dynamics of individual papers, allowing us to collapse the citation histories of papers from different journals and disciplines into a single curve, indicating that all papers tend to follow the same universal temporal pattern. The observed patterns not only help us uncover basic mechanisms that govern scientific impact but also offer reliable measures of influence that may have potential policy implications.
O f the many tangible measures of scientific impact, one stands out in its frequency of use: citations (1-10). The reliance on citation-based measures, from the Hirsch index (4) to the g-index (11), from impact factors (1) to eigenfactors (12) , and on diverse ranking-based metrics (13) lies in the (often debated) perception that citations offer a quantitative proxy of a discovery's importance or a scientist's standing in the research community. Often lost in this debate is the fact that our ability to foresee lasting impact on the basis of citation patterns has well-known limitations.
1) The impact factor (IF) (1), conferring a journal's historical impact to a paper, is a poor predictor of a particular paper's future citations (14, 15) : Papers published in the same journal a decade later acquire widely different number of citations, from one to thousands ( fig. S2A) .
2) The number of citations (2) collected by a paper strongly depends on the paper's age; hence, citation-based comparisons favor older papers and established investigators. It also lacks predictive power: A group of papers that within a 5-year span collect the same number of citations are found to have widely different long-term impacts ( fig. S2B ).
3) Paradigm-changing discoveries have notoriously limited early impact (3), precisely because the more a discovery deviates from the current paradigm, the longer it takes to be appreciated by the community (16) . Indeed, although for most papers their early-and long-term citations correlate, this correlation breaks down for discoveries with the most long-term citations (Fig. 1B) . Hence, publications with exceptional long-term impact appear to be the hardest to recognize on the basis of their early citation patterns. 4) Comparison of different papers is confounded by incompatible publication, citation, and/or acknowledgment traditions of different disciplines and journals.
Long-term cumulative measures like the Hirsch index have predictable components that can be extracted via data mining (4, 17) . Yet, given the myriad of factors involved in the recognition of a new discovery, from the work's intrinsic value to timing, chance, and the publishing venue, finding regularities in the citation history of individual papers, the minimal carriers of a scientific discovery, remains an elusive task.
In the past, much attention has focused on citation distributions, with debates on whether they follow a power law (2, 18, 19) or a log-normal form (3, 7, 15) . Also, universality across disciplines allowed the rescaling of the distributions
